INTRODUCTION
============

Despite the strong association between Alzheimer\'s disease (AD) and ageing, we still do not understand the underlying molecular mechanisms (reviewed in Kern & Behl, [@b23]). AD is characterized by the presence of extraneuronal senile plaques and intraneuronal neurofibrillary tangles (NFT), mainly composed of amyloid beta-peptide (Aβ) and deposits of tau protein, respectively. Mostly based on studies of families with inherited AD, the amyloid hypothesis states that the disorder is caused by Aβ accumulation in the parenchyma of the brain (Hardy & Selkoe, [@b19]). Aβ is generated by consecutive β- and γ-secretase cleavages of the single type I transmembrane amyloid precursor protein (APP).

The steady state level of Aβ is also determined by its clearance via transcytosis through the blood--brain barrier (BBB) and further degradation in the liver (reviewed in Zlokovic, [@b56]) and via direct proteolytic processing in the brain (reviewed in De Strooper, [@b10]). Thus Aβ levels in the central nervous system are ultimately the result of mechanisms that generate and mechanisms that clear the peptide. Apart from these quantitative considerations, it is important to take into account also qualitative elements. Indeed Aβ shows heterogeneity, a large part generated at its carboxy-terminus by γ-secretase cleavage (De Strooper et al, [@b11], reviewed in De Strooper, [@b10]). Interestingly the longer Aβ peptides (especially Aβ~42~) are more prone to aggregate compared to Aβ~40~ and it is believed that increments in the Aβ~42~/Aβ~40~ ratio are pathogenic (Kuperstein et al, [@b25]), although the contribution of other Aβ species might be important as well (Saito et al, [@b37]).

The γ-secretases are therefore of central importance in the disease cascade. They are high molecular weight complexes composed of presenilin 1 (PS1) or presenilin 2 (PS2), nicastrin (Nct), anterior pharynx-defective phenotype 1 (Aph1) and PS enhancer 2 (Pen2) (reviewed in De Strooper, [@b8]). The catalytic activity of the complex resides on PS (De Strooper et al, [@b11], [@b12]; Wolfe et al, [@b55]), a protein with nine transmembrane domains. At present more than 180 mutations in PS1 and 10 mutations in PS2 have been identified in patients with familial AD (FAD). Nevertheless, these mutations are found only in a small percentage of AD cases (\<0.5%), while there is no definitive causal explanation for the rest of patients with late-onset or sporadic AD. Interestingly FAD mutations lead to an altered processing of APP and an increase in the Aβ~42~/Aβ~40~ ratio (Scheuner et al, [@b38]). New evidences suggest that a more rapid product release from the catalytic site in γ-secretase is behind the increase of the Aβ~42~/Aβ~40~ ratio (Chavez-Gutierrez et al, [@b5]). The insight that such partial loss of function (in contrast to full loss of function), underlies the disorder potentially changes our fundamental understanding of the role played by γ-secretase in sporadic AD as well (De Strooper, [@b9]; Wolfe, [@b54]). Indeed, as Aβ~42~ levels increase with ageing in humans (Funato et al, [@b16]), a possible link between ageing and the increased risk for AD might be found in age related alterations of γ-secretase. Therefore we asked whether molecular changes that occur during the ageing process could affect γ-secretase activity in similar ways as FAD mutations.

One of the most relevant hallmarks of the ageing process is the accumulation of reactive oxygen species (ROS) due to the impairment of cellular mechanisms that protect against oxidative stress (reviewed in Finkel & Holbrook, [@b14]). Neurons are especially susceptible to ROS as the brain consumes an inordinate fraction (20%) of the total oxygen consumption for its relatively small weight (2%). This high metabolism produces an increase of the mitochondrial respiratory chain activity and large amount of oxidants. Superoxide anion is mainly produced by the mitochondrial electron transport chain, though other sources also contribute to the generation of this radical species (Starkov, [@b45]). Superoxide anions react extremely fast with nitric oxide, which is generated by the mitochondrial nitric oxide synthase (NOS) or the neuronal NOS, to give peroxynitrite. Peroxynitrite at lower concentrations can alter the function of proteins by irreversibly reacting with the phenol ring of tyrosines to yield nitrotyrosine (Radi et al, [@b36]).

In agreement with the possibility that failure in the control of superoxide production participates in AD pathology, recent work reported that the overexpression of the mitochondrial anti-oxidant enzyme superoxide dismutase 2 (SOD2) in a mouse model of AD decreases the Aβ42/Aβ40 ratio and prevents the appearance of memory deficits (Massaad et al, [@b30]). In addition SOD2 but not the cytosolic enzyme SOD1, protects against glutamate-induced oxidative stress (Fukui & Zhu, [@b15]).

In the present work we set out to study the changes occurring in the γ-secretase complex in rat hippocampal neurons during ageing *in vitro*. Once seeded in the culture dish, hippocampal neurons undergo a whole series of morphological and functional maturation processes reflecting those of their counterparts *in vivo*. Thus, during the first week *in vitro* these neurons establish morphological and functional axons and dendrites; during the second week they establish synaptic activity and from the third week on they begin to show canonical signs of ageing, including accumulation of ROS, lipofuscin granules, heterochromatic foci, activation of the c-Jun N-terminal protein kinase (JNK) and the DNA repair p53/p21 pathways (Martin et al, [@b28]; Sodero et al, [@b43]). It was also shown that with time *in vitro* these neurons present increased protein oxidation, creatine kinase expression and calcium channel density, typical features of the ageing brain (Aksenova et al, [@b1]; Porter et al, [@b34]). Finally, hippocampal neurons *in vitro* undergo a time-associated increase in tubulin acetylation similarly to the *in vivo* situation and a time-associated increase in the phosphorylation of the microtubule-associated protein Tau (Sodero et al, [@b43]) similarly to that reported in aged human brains (Pikkarainen et al, [@b33]) and mouse models of senescence (Tomobe & Nomura, [@b49]). Our results support an AD-like change in the activity of γ-secretase triggered by nitrosative stress *in vitro*. We confirm similar changes in a *Sod2* knockout mouse model and augmented nitrotyrosination of presenilin in the brains of individuals affected with sporadic AD, adding clinical value to the mechanistic association depicted in this work.

RESULTS
=======

Total Aβ secretion as well as Aβ~42~/Aβ~40~ ratio increase during neuronal ageing *in vitro*
--------------------------------------------------------------------------------------------

In order to determine if neuronal ageing itself can induce qualitative and quantitative changes in the profile of secreted Aβ, we cultured rat primary hippocampal neurons *in vitro* for 2, 3 or 4 weeks at 37°C and 5% CO~2~. These time-points were chosen because they represent terminal differentiation and early and late ageing, respectively, based on various criteria discussed in the introduction (see also Supporting Information [Fig S1](#SD1){ref-type="supplementary-material"}). At the day of experiment, the media was removed and substituted by fresh conditioned media. After 24 h the endogenous generated Aβ species present in the media (Aβ~40~ and Aβ~42~) were quantified by enzyme-linked immunosorbent assay (ELISA). As shown in [Fig 1A](#fig01){ref-type="fig"}, both Aβ~40~ (*p* \< 0.05, *n* = 3) and Aβ~42~ (*p* \< 0.01, *n* = 3) are elevated at 21 DIV compared to 14 DIV, without major changes in the Aβ~42~/Aβ~40~ ratio. Interestingly, between 21 DIV and 28 DIV a dramatic switch in the Aβ profile is observed with a strong increase in the more amyloidogenic species Aβ~42~ (*p* \< 0.05, *n* = 3) ([Fig 1A](#fig01){ref-type="fig"}), elevating therefore the Aβ~42~/Aβ~40~ ratio (*p* \< 0.01, *n* = 3) ([Fig 1B](#fig01){ref-type="fig"}). The change in the ratio points to a direct effect of ageing on γ-secretase. To directly demonstrate this, 14, 21 and 28 DIV hippocampal neurons were infected with an adenovirus expressing the human γ-secretase substrate huAPP-C99-3xFlag. This artificial substrate is equivalent to the APP carboxyterminal fragment generated by β-secretase cleavage (BACE1), and therefore this experiment allows excluding possible contributions of changes in BACE1 or APP expression on the Aβ ELISA results. Media were collected after 24 h and newly produced human Aβ species (Aβ~38~, Aβ~40~ and Aβ~42~) were determined by human peptide specific ELISAs or by Western blot (total Aβ). The media from non-infected neurons was used as a negative control to exclude possible interference by endogenous rat Aβ with the ELISA measurements. The results were normalized to the total C99 signal from the Western blot. As shown in [Fig 1C--E](#fig01){ref-type="fig"}, Aβ secretion increased indeed at 28 DIV compared to 21 DIV. In addition, the switch towards the more amyloidogenic Aβ~42~ peptide between 21 DIV and 28 DIV was confirmed ([Fig 1F](#fig01){ref-type="fig"}), stressing the possibility that ageing affects γ-secretase activity, raising the question to mechanisms.

![Switch in the secreted Aβ profile during *in vitro* ageing of primary rat hippocampal neurons\
At 21 DIV neurons secrete both more Aβ~40~ and Aβ~42~ in comparison to 14 DIV. However there is a dramatic increase of the levels of Aβ~42~ in the media of 28 DIV neurons in comparison to 21 DIV, without major changes in the levels of Aβ~40~. The endogenous Aβ peptides were determined in the media from three independent experiments by ELISA (\**p* \< 0.05 and \*\**p* \< 0.01 *vs*. 14 DIV; \*^†^*p* \< 0.05 *vs*. 21 DIV).The Aβ~42~/Aβ~40~ ratio is approximately two times higher in 28 DIV neurons in comparison to 14 DIV (\*\*\**p* \< 0.001).Rat hippocampal neurons transduced for 48 h with an adenoviral vector driving expression of the 3xFlag-huAPP-C99 substrate for γ-secretase. huAβ~42~, huAβ~40~ and huAβ~38~ were measured by specific ELISA. Notice the dramatic increase in the levels of huAβ~42~ at 28 DIV. Values were normalized to total huAPP-C99 expression which is shown in panel **D** (*n* = 3; \*\**p* \< 0.01, \*\*\**p* \< 0.001).Western blot analysis (4--12% Bis--Tris gel) of rat neurons expressing 3xFlag-huAPP-C99 using anti-Flag antibody. The next panel (total Aβ) shows Western blot with mAb 6E10 of media collected after 24 h from 3xFlag-huAPP-C99 infected neurons (4--12% Bis--Tris gel). Twenty-eight DIV neurons secrete higher amounts of total huAβ peptide in comparison to 21 DIV when normalized to huC99 expression. C99 refers to APP-C99 and C83 refers to APP-C83 which is generated by α-secretase cleavage from C99.Quantification from panel **D** by densitometry of the total secreted Aβ by 3xFlag-huAPP-C99 infected neurons (\*\*\**p* \< 0.001).huAβ~42~/huAβ~40~ ratio in the media of 3xFlag-huAPP-C99 infected neurons. The data shown in panel **C** were used to calculate the ratio (\*\*\**p* \< 0.001). Data are presented as mean ± SEM.](emmm0004-0660-f1){#fig01}

Old neurons show more γ-secretase complex formation and elevated expression of some of its components
-----------------------------------------------------------------------------------------------------

Next, we utilized the *in vitro* system of neuronal ageing to analyze the expression of the proteins involved in the amyloidogenic pathway, namely APP, BACE1 and the four components of γ-secretase. Western blot was used to check for changes of protein expression. We found at the protein level a significant increment of the presenilin fragments PS1-CTF and PS1-NTF, in 28 DIV neurons compared to 21 and 14 DIV ([Fig 2A and B](#fig02){ref-type="fig"}). Total APP (mature and immature) as well as Aph1a also showed higher expression levels in 28 DIV neurons ([Fig 2A and B](#fig02){ref-type="fig"}). On the contrary there was a slight reduction in BACE1 expression. We measured the amount of γ-secretase complex in blue native gel electrophoresis, which led us to conclude that the assembled complex was elevated twofold in old neurons ([Fig 2C](#fig02){ref-type="fig"}). This quantitative increase could account for the increase of the presenilin fragments, as these are generated by endoproteolytic cleavage of full-length presenilin once the four components are assembled (Thinakaran et al, [@b48]; reviewed in De Strooper, [@b8]). The presence of more complex formation or stability could also explain the higher Aβ production seen in these aged neurons. The question remains why the ratio of Aβ42/Aβ40 was altered.

![Age-associated increase of proteins related to the amyloidogenic pathway and the γ-secretase complex\
Western blot (4--12% Bis--Tris gel) of solubilized rat neurons. The panel shows the expression of the γ-secretase constituents as well as BACE1 and APP during *in vitro* neuronal ageing from three independent experiments. Fifteen micrograms of total protein was loaded per lane and actin was used as a loading control. The proteins showing a significant change after quantification (see panel **B**) are marked with a '\*'. The antibodies used as well as the dilutions can be found in the Materials and Methods Section.Densitometric quantification of the Western blot in panel **A** shows a significant increase in the levels of presenilin fragments, APP and Aph1a, after normalization with the actin band (\**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001; *n* = 3).Blue native gel electrophoresis shows an increase of the γ-secretase complex in 28 DIV rat hippocampal neurons. Data are presented as mean ± SEM.](emmm0004-0660-f2){#fig02}

Elevated nitrosative stress with ageing causes increased Aβ~42~/Aβ~40~ ratio
----------------------------------------------------------------------------

Ageing is partially due to the combination of ROS accumulation and reduced capacity of cells and tissues to efficiently remove them and/or protect against their deleterious consequences. Previous studies have demonstrated that stressful stimuli can promote the amyloidogenic pathway by increasing APP levels (Coma et al, [@b7]), or by promoting the β- or γ-secretase cleavage of APP (O\'Connor et al, [@b31]; Quiroz-Baez et al, [@b35]). Nitrosative stress caused by the peroxynitrite during oxidative stress causes tyrosine modifications and therefore we wondered whether γ-secretase could be altered by this type of covalent modification during ageing. Peroxynitrite-triggered nitrotyrosination is especially relevant in AD. Widespread nitration has been found in AD brains (Smith et al, [@b42]). Nitrotyrosination has been implicated in AD pathogenesis (Guix et al, [@b18]; Kummer et al, [@b24]; Tran et al, [@b50]). In addition protein nitration is enhanced by a hydrophobic environment, such as the plasma membrane (reviewed in Szabó et al, [@b46]). We determined the levels of protein nitrotyrosination using a specific antibody (Guix et al, [@b18]) in Western blots of lysates of 14, 21 and 28 DIV neurons ([Fig 3B](#fig03){ref-type="fig"} and Supporting Information [Fig S1](#SD1){ref-type="supplementary-material"}). A small increase in protein nitrotyrosination was observed between 14 and 21 DIV ([Fig 3B](#fig03){ref-type="fig"}). However a threefold increase occurred between 21 and 28 DIV in comparison to 14 DIV (*p* \< 0.001, *n* = 3). This also indicates that nitrosative stress increases dramatically in the 4th week of culture according with previous publications showing that age associated biochemical changes (*e.g.* protein carbonyls content) in the neurons become mainly manifest in this critical 4th week (Aksenova et al, [@b1]).

![Nitrosative stress affects Aβ42/Aβ40 ratio\
Scheme showing the modification of tyrosine residues by peroxynitrite (ONOO^−^).Quantification from a Western blot (Supporting Information Fig 1) of tyrosine nitration (insert) as a marker of nitrosative stress. Nitrotyrosine levels are elevated in 28 DIV *versus* 14 DIV neurons (\*\*\**p* \< 0.001, *n* = 3).Rat hippocampal neurons (14 DIV) treated with the peroxynitrite donator SIN-1 for 24 h increase the Aβ~42~/Aβ~40~ ratio in the medium as measured by ELISA (\*\**p* \< 0.01, *n* = 3).The same effect of SIN-1 on Aβ~42~/Aβ~40~ ratio was achieved on HEK-swAPP cells treated for 24 h (\**p* \< 0.05, \*\**p* \< 0.01, *n* = 3).Cell-free γ-secretase activity carried out with microsomal extracts from HEK cells treated or untreated with SIN-1 for 24 h also showed an increased Aβ~42~/Aβ~40~ ratio (\**p* \< 0.05, *n* = 3).AICD produced *in vitro* from membrane preparations from HEK-swAPP cells treated with vehicle only, or with different concentrations of SIN-1. No changes of AICD generation are observed in presence of SIN-1. Vh = vehicle control, Vh4C = reaction at 4°C (negative control). Values at 5, 10 and 100 µM are not statistically different. Data are presented as mean ± SEM.](emmm0004-0660-f3){#fig03}

To determine whether the excess of peroxynitrite modification could explain the changes in Aβ profile seen with ageing, we treated young rat hippocampal neurons (14 DIV) with low concentrations of the peroxynitrite donor 3-morpholinosyndnomine (SIN-1). After collecting conditioned media of 24 h, we analyzed the levels of Aβ~40~ and Aβ~42~. As shown in [Fig 3C](#fig03){ref-type="fig"}, Aβ~42~ increases after treatment with 1 and 5 µM of SIN-1, resulting in a dramatic alteration of the Aβ~42~/Aβ~40~ ratio. We obtained similar results in human embryonic kidney (HEK) cells overexpressing the human Swedish mutation FAD-linked form of APP ([Fig 3D](#fig03){ref-type="fig"}) treated with SIN-1, and in neuroblastoma-derived SH-SY5Y cells overexpressing the human wt APP (Supporting Information [Fig S2A](#SD1){ref-type="supplementary-material"}) treated with peroxynitrite. Subtoxic concentrations of the nitrating agent were used in both cell types as shown by the MTT reduction experiment (Supporting Information [Fig S2B and C](#SD1){ref-type="supplementary-material"}). The response was stronger in SH-SY5Y cells, where the highest increment of Aβ~42~ was already reached after the treatment with 1 µM SIN-1 (Supporting Information [Fig S2A](#SD1){ref-type="supplementary-material"}). This effect was specific for nitrosative stress, since treatment of HEK-swAPP cells with H~2~O~2~ at the same range of concentrations did not increase Aβ~42~/Aβ~40~ ratio (Supporting Information [Fig S2D](#SD1){ref-type="supplementary-material"}).

In order to determine if γ-secretase activity was changed by nitrosative stress, an *in vitro* assay was carried out with the solubilized microsomal fraction containing the γ-secretase complex, obtained from SIN-1 treated or untreated HEK cells. We used 0.5 µM of purified human APP-C99 triple tagged with a Flag sequence (3xFLAG-huAPP-C99) as substrate. At the concentration of 10 µM SIN-1, there was a nearly twofold increase of the Aβ~42~/Aβ~40~ ratio ([Fig 3E](#fig03){ref-type="fig"}), without changes of the AICD production (Supporting Information [Fig S4C](#SD1){ref-type="supplementary-material"}). Similarly no changes in the total AICD production were seen in HEK-swAPP membrane preparations incubated in the absence or the presence of 10 µM SIN-1 ([Fig 3F](#fig03){ref-type="fig"}), indicating no change in the ε-cleavage of C99.

The γ-secretase complex undergoes an internal conformational change by nitrosative stress
-----------------------------------------------------------------------------------------

Interaction between PS1-CTF and NTF has been shown to modulate the Aβ~42~/~40~ ratio (Berezovska et al, [@b2]). We therefore co-immunoprecipitated PS1-CTF together with PS1-NTF from HEK cells pre-treated with increasing concentrations of SIN-1. A higher amount of PS1-CTF was pulled-down by the PS1-NTF antibody correlating with increasing SIN-1 concentrations under the experimental condition used (0.5% Triton-X-100) ([Fig 4A and B](#fig04){ref-type="fig"} and Supporting Information [Fig S3A and B](#SD1){ref-type="supplementary-material"}). Interestingly PS1-CTF and PS1-NTF appeared to coimmunoprecipitate under these conditions even in the presence of 2% Triton-X-100 which normally dissociates the two fragments (Supporting Information [Fig S3C](#SD1){ref-type="supplementary-material"}). At the same time, the PS1-CTF fragment showed an increased signal for the anti-nitrotyrosine antibody when cells had been treated with the nitrating agent ([Fig 4A](#fig04){ref-type="fig"}). Since SIN-1 can also generate little amounts of NO in addition to peroxynitrite, we repeated the experiment in cells pre-treated with sodium nitroprusside (SNP), a widely used NO donor. As shown in [Fig S3A](#SD1){ref-type="supplementary-material"} (Supporting Information), no differences in the co-precipitation of the presenilin fragments was observed. Then we investigated whether presenilin was modified by nitrotyrosination in the prefrontal cortex of brain autopsy samples from AD subjects. We immunoprecipitated PS1 with an antibody against PS1-NTF. In agreement with the possibility that the mechanism highlighted *in vitro* may operate *in vivo*, we observed high levels of nitrotyrosination of presenilin in patient material *versus* age-matched controls ([Fig 4C and D](#fig04){ref-type="fig"}).

![Nitrosative stress promotes a stronger interaction between the PS1-CTF and the PS1-NTF fragments\
PS1-NTF was immunoprecipitated with a monoclonal anti-PS1-NTF antibody from HEK-swAPP cells treated with increasing concentrations of SIN-1. Cells were extracted with 0.5% Triton-X-100. Material was resolved in 4--12% Bis--Tris gel and after transfer stained with PS1-CTF, PS1-NTF and N-tyr antibody. Notice the higher co-immunoprecipitation of PS1-CTF with PS1_NTF compared to untreated cells. PS1-CTF from HEK-swAPP cells treated with SIN-1 also shows higher levels of nitration, as detected with an anti-nitrotyrosine antibody.Quantification of PS1-CTF from untreated or SIN-1-treated HEK-swAPP cells co-immunoprecipitating with PS1-NTF as in panel **A**. Data are the mean ± SEM of four independent experiments. \**p* \< 0.05 by Student\'s *t*-test analysis. AU = arbitrary unit.Nitration of PS1 inmunoprecipitated from the prefrontal cortex of two healthy or two AD patients. Presenilin was pulled down by inmunoprecipitation with a monoclonal antibody anti-PS1-NTF and after resolving the samples in a 4--12% Bis--Tris gel and transfer, an anti-nitrotyrosination antibody was used to detect nitration.Quantification by densitometry of Western blots from four healthy individuals and four AD patients. PS1 is more nitrated in AD patients compared to healthy individuals (\**p* \< 0.05, *n* = 4 in each group). Data are presented as mean ± SEM.HEK293 were maintained in Opti-MEM (Invitrogen) supplemented with 5% foetal bovine serum (FBS). For the FLIM analysis of PS1 conformation, HEK293 cells were plated into eight-chamber slides and transiently transfected with the GFP-PS1 (negative control) or GFP-PS1-RFP (G-PS1-R) FRET reporter. Five to six hours after transfection, media was replaced with the treatment solution: 10 µM SIN-1 (Sigma) in 0.2% FBS, or only 0.2% FBS as a vehicle control. FLIM imaging was performed on living cells 24 h after the treatment. FRET efficiency was calculated using the following equation: %*E*~FRET~ = 100 × (*t*~1~ − *t*~2~)/*t*~1~ and plotted on a graph. Higher FRET efficiencies represents a closer PS1-NT to TM6-7 loop proximity.Hypothetically different populations of the γ-secretase complex, with a closer or an open conformation, would co-exist. Nitrosative stress would bring the equilibrium towards the closer conformation.](emmm0004-0660-f4){#fig04}

Next we set out to get insight into the mechanism by which nitration of γ-secretase complex increases the Aβ~42~/Aβ~40~ ratio. We carried out cell-free assays using 1% 3-\[(3-cholamidopropyl)dimethylammonio\]-2-hydroxy-1-propanesulfonate (CHAPSO) solubilized microsomal fractions from HEK cells as source of enzyme. Microsomal fractions were incubated for 24 h at 25°C in the presence or the absence of 10 µM of the nitrating reagent SIN-1. Detergent and lipids were added and kinetic experiments were carried out using increasing concentrations of the purified 3xFlag-huAPP-C99 as substrate. After 5 h of reaction, Aβ~40~ and Aβ~42~ levels were measured by specific ELISAs. AICD was determined after SDS--polyacrylamide gel electrophoresis (SDS--PAGE)/Western blot by incubating the membrane with a FlagM2 antibody and the bands were quantified by densitometry. Although total AICD did not significantly change in nitrated conditions at the substrate concentration of 0.6 µM, fitting our previous results ([Fig 3F](#fig03){ref-type="fig"}), we observed an increment in Aβ~42~ and no change in Aβ~40~ levels, which actually explains the increment of the Aβ~42~/Aβ~40~ ratio in the nitrated conditions (Supporting Information [Fig S4A and B](#SD1){ref-type="supplementary-material"}). At a substrate concentration close to Vmax (2.5 µM) (Supporting Information [Table S1](#SD1){ref-type="supplementary-material"}) the AICD shows a slight but significant increase (Supporting Information [Fig S4C](#SD1){ref-type="supplementary-material"}). Immunoprecipitation of the complex with a PS1-CTF antibody followed by SDS--PAGE/Western blot with an anti-nitrotyrosination specific antibody (Supporting Information [Fig S4D](#SD1){ref-type="supplementary-material"}) confirmed that γ-secretase complex is indeed nitrated in our conditions, suggesting a direct effect of the nitrosative stress on the protease. Interestingly, fluorescence lifetime microscopy (FLIM) carried out on HEK cells transfected with the previously validated fluorescent resonance energy transfer (FRET) reporter of PS1 conformation, green fluorescent protein (GFP)-PS1-RFP construct (Uemura et al, [@b52]), showed that nitrosative stress generated by 10 µM SIN-1 induced a conformational change of the γ-secretase complex that is similar to that reported for FAD Presenilin mutations ([Fig 4E and F](#fig04){ref-type="fig"}). Thus, we conclude that nitrosative stress shifts γ-secretase conformation towards a more close state, which has been related to an increased Aβ~42~/Aβ~40~ ratio in several conditions.

Increased peroxynitrite can be caused by deficient SOD2
-------------------------------------------------------

Increased nitrosative stress may be due to reduced radical scavenging capacity. To determine whether this is the cause of increased peroxynitrite in our *in vitro* ageing system, we measured the activity of the major ROS scavenging enzyme SOD2 in hippocampal neurons maintained *in vitro* for different periods of time. [Fig 5A](#fig05){ref-type="fig"} shows that SOD2 activity undergoes indeed a threefold decrease in 28 DIV compared to 21 DIV neurons, without changes at the protein level ([Fig 5B](#fig05){ref-type="fig"}). To directly assess whether reduced SOD2 activity plays a role in the excessive production of Aβ, we used neurons from SOD2 null mice. Consistently, SOD2 knockout neurons showed a five times higher Aβ~42~/Aβ~40~ ratio when compared to wt ([Fig 5C](#fig05){ref-type="fig"}). These results indicate that SOD2 deficiency in 28 DIV neurons *per se* can account for the increase of the Aβ~42~/Aβ~40~ ratio, but not for the higher levels of total Aβ. To confirm more directly that peroxynitrite mediates the increase of the Aβ~42~/Aβ~40~ ratio when the SOD2 activity is impaired, we measured both Aβ~42~ and Aβ~40~ by ELISA in the media of non-transfected neurons or transfected with a small hairpin RNA (shRNA) construct against SOD2. The ratio was increased after knocking down SOD2 ([Fig 6A--C](#fig06){ref-type="fig"}) and partially recovered with 100 µM of the physiological and powerful peroxynitrite scavenger uric acid (UA) (Hooper et al, [@b20], [@b21]; Scott et al, [@b39]; Tran et al, [@b50]) ([Fig 6A--C](#fig06){ref-type="fig"}).

![Reduced SOD2 activity in old neurons correlates with the increased Aβ~42~/Aβ~40~ ratio\
SOD2 activity decreases threefold when neurons are kept for 28 DIV *in vitro* compared to 21 DIV-old neurons (\**p* \< 0.05; *n* = 3 different cultures). SOD2 activity was specifically measured in neuronal lysates containing 10 µg of total protein each and 2 mM KCN in order to inhibit the activity of SOD1. A commercial kit based on the auto-oxidation of haematoxylin for 10 min was used to determine the activity (see Materials and Methods Section).The amount of SOD2 present in neuronal lysates was determined from 15 µg of total protein by Western blot using a 4--12% Bis--Tris gel and detection with a monoclonal antibody against the protein. The SOD2 levels measured by densitometry are not changed between 21 and 28 DIV, indicating that the decline in its activity is not due to less enzyme in old neurons.The Aβ~42~/Aβ~40~ ratio is elevated in the media of 10 DIV neurons derived from *Sod2*^−/−^ mice in comparison to wt (\**p* \< 0.05). Three independent cultures per genotype were used for the experiment. The Aβ species in the media were measured with ELISA. Data are presented as mean ± SEM.](emmm0004-0660-f5){#fig05}

![Peroxynitrite mediates the increase of the Aβ~42~/Aβ~40~ ratio triggered by SOD2 depletion\
Rat primary hippocampal neurons were left untransfected or transfected with an shRNA-enhanced GFP (EGFP) construct against SOD2. Half of the transfected cultures were immediately treated with 100 µM uric acid (UA). After 10 days *in vitro*, the media was collected and the Aβ~42~ and Aβ~40~ levels were analyzed by ELISA. Neurons transfected with the shRNA-EGFP construct showed an increased Aβ~42~/Aβ~40~ ratio (\*\*\**n* = 6, *p* \< 0.001 *vs* control) that was partially recovered when their medium contained 100 µM UA (\*\*\*^†^*n* = 6, *p* \< 0.001 *vs* shRNA).SDS--PAGE/Western blot showing decreased SOD2 protein levels in shRNA-EGFP-transfected neurons and non-transfected ones. Actin was chosen to normalize the protein levels. The effect was specific for SOD2 since no differences in SOD1 levels were detected.Pictures of living rat hippocampal neurons obtained by light microscopy. Non-transfected neurons (a and b) were negative under the blue exciting beam, while neurons transfected with the shRNA-EGFP construct against SOD2 were fluorescent under the blue exciting beam, independently if they were untreated (c and d) or treated with 100 µM UA (e and f).](emmm0004-0660-f6){#fig06}

To test if reduced SOD2 activity plays a role in increased nitrosative stress and therefore in the observed peroxynitrite-mediated PS changes, we measured nitrotyrosine modifications in brains from *Sod2*^+/−^ mice. Heterozygous mice had to be used due to the early lethality of the homozygous mice. We demonstrated first that all the heterozygote mice used in this study displayed a substantial 50% reduction of SOD2 protein levels compared to wt animals (Supporting Information [Fig S5A](#SD1){ref-type="supplementary-material"}). Histological analysis revealed the existence of widespread nitrotyrosination in the brains of *Sod2*^+/−^ mice in comparison to age-matched wt ([Fig 7A](#fig07){ref-type="fig"} and Supporting Information [Fig S5B](#SD1){ref-type="supplementary-material"}), demonstrating that an impairment of the SOD2 activity is sufficient to increase the formation of peroxynitrite. We confirmed that more PS1-CTF fragments co-immunoprecipitated with the PS1-NTF when using 0.5% Triton-X-100 solubilized material from the cerebral cortex of *Sod2*^+/−^ mice ([Fig 7B](#fig07){ref-type="fig"}). In order to determine the intrinsic activity of the complex, we carried out an *in vitro* assay on γ-secretase from microsomal fractions isolated from brain material (Serneels et al, [@b40]) comparing 18 months wt and *Sod2*^+/−^ mice, and using as a substrate 0.5 µM of the purified 3xFLAG-huAPP-C99. As shown in [Fig 7C](#fig07){ref-type="fig"}, an elevated Aβ~42~/Aβ~40~ ratio was observed in material from the cerebral cortex of SOD2^+/−^ mice compared to age-matched wt. These results demonstrate that γ-secretase processing of APP is shifted towards the production of Aβ~42~ when the anti-oxidant SOD2 activity is impaired.

![Increased nitrotyrosination of γ-secretase in the brain of 18 months SOD2^+/−^ mice correlates with a switch in its activity towards a higher Aβ~42~ production\
Brains of 18 months *Sod2*^+/−^ mice (a and b) show consistently higher nitrotyrosination signal (green) in the parenchyma compared to age-matched wt mice (c and d). The nucleus of the cells are stained with DAPI (blue) in (e) and (f) only secondary antibodies were used. The hippocampal area is shown.PS1-CTF was inmunoprecipitated from 0.5% Triton-X-100 solubilized extracts (f) the cerebral cortex of 18 months SOD2^+/−^ mice. More PS1-NTF was co-immuneprecipitated as demonstrated by Western blot in SOD^+/−^ compared to SOD^+/+^ (wt) controls (\*\**p* \< 0.01, *n* = 6).Cell-free γ-secretase activity using microsomal extracts from the cerebral cortex of 18 months SOD2^+/−^ or wt mice. 3xFlag-huAPP-C99 was used as a substrate at 0.5 µM. The Aβ~42~/Aβ~40~ ratio is increased (\**p* \< 0.05, *n* = 6). Data are presented as mean ± SEM.](emmm0004-0660-f7){#fig07}

DISCUSSION
==========

This study was designed to gain insight into the mechanism by which age predisposes to AD. We initially used rat hippocampal neurons cultured *in vitro* as an ageing model. Several lines of evidence from our laboratory (Supporting Information [Fig S1A and B](#SD1){ref-type="supplementary-material"}; Martin et al, [@b28]; Sodero et al, [@b43]) and others (Aksenova et al, [@b1]; Porter et al, [@b34]) and discussed extensively in the introduction, support their suitability for this purpose.

A first striking finding is that hippocampal neurons after 21 DIV show an increase in Aβ generation and a shift in the ratio of Aβ~42~/Aβ~40~ very similar to what is observed with cells transfected with APP or Presenilin carrying FAD mutations (Scheuner et al, [@b38]). The major shift in the Aβ ratio is observed in 28 DIV neurons, concomitant with dramatic increases in nitrosative levels as measured with a nitrotyrosine antibody and a decrease in the activity (although not expression) of one of the most important anti-oxidant enzymes, namely SOD2. These very similar changes were observed before in brains from elder individuals (Cardozo-Pelaez et al, [@b4]; Funato et al, [@b16]). Once we established that *in vitro* ageing of neurons is paralleled by one of the major signatures of FAD causing mutations, namely changes in the Aβ~42~/Aβ~40~ ratio, we moved on establishing a mechanism to explain these observations.

First we focused on the higher levels of Aβ secreted into the media by old neurons. We analyzed the expression of several components from the amyloidogenic pathway. We found that the expression levels of Aph1a and presenilin fragments are incremented in old neurons and that, using blue native gel electrophoresis, more fully assembled complex is present in the aged neurons. The elevation of the Aph1a levels could help to stabilize the complex, since increased expression might enhance γ-secretase assembly and stabilization (Pardossi-Piquard et al, [@b32]). In addition the overexpression of Aph1 in HEK cells has been shown to enhance the γ-secretase activity and the secretion of Aβ into the medium (Marlow et al, [@b27]). Aph1 competes with Rer1p to bind Nct in the ER, and thus higher levels of Aph1 could help the complex to assemble and escape from this control mechanism in the ER to the cell surface (Spasic et al, [@b44]). Changes in the lipid composition of membranes associated with ageing could also play a role in affecting the assembly and/or activity of the γ-secretase complex. During neuronal ageing those lipids which compose raft domains such as sphingomyelin (Trovò et al, [@b51]) and cholesterol (Martin et al, [@b29]) show altered levels. Two of the components of γ-secretase, Nct and Aph1, are palmitoylated and targeted into detergent resistant domains (DRM). However mutation of the palmitoylated cysteines does not prevent the full assembly of the complex (Cheng et al, [@b6]).

Importantly, independent evidence obtained with APP-C99 infection confirmed that the alterations we observed in the neuronal culture were likely caused by alterations in γ-secretase, and not by changes in APP expression or β-secretase activity. Obviously, this experiment does not exclude the possibility that also clearance factors were affected in our ageing neurons, but the dramatic shift in Aβ~42~/Aβ~40~ ratio points to additional important alterations in the γ-secretase complex itself, which was confirmed using several cell free assays.

Two main hallmarks of ageing, the first risk factor for AD, are the elevated levels of ROS and the altered pattern of gene expression, leading to the impairment of several cell functions associated with senescence (Butterfield et al, [@b3]). Mitochondria are the major sites for superoxide anion generation (Radi et al, [@b36]; Starkov, [@b45]). Superoxide anions react with nitric oxide (which is generated by the mitochondrial NOS) to give peroxynitrite (reviewed in Guix et al, [@b17]). Peroxynitrite can diffuse easily through the cell, having an action radius of about 100 µm (Radi et al, [@b36]). It can alter the function of proteins by irreversibly reacting with the phenol ring of tyrosines generating a nitrotyrosine residue or a covalent dityrosine bridge if two tyrosines are opposed closely to each other. Hence, we hypothesized that any decrease in superoxide scavenging activity in the ageing neurons could lead to a dysfunctional γ-secretase organization or activity due to damage from peroxynitrite. We provide here evidence that both in the cell cultures and in a γ-secretase cell free assay nitration of tyrosines in γ-secretase indeed affects the Aβ ratio. Increased nitrosative stress might be explained by loss of protective mechanisms in old neurons. One of these antioxidant defenses is SOD2, whose activity is dramatically decreased in the old neurons and such a decrease was accompanied by a higher nitrosative stress. In agreement with the possibility that low antioxidant defenses may be one of the causes for higher Aβ production, primary hippocampal neurons derived from mice lacking SOD2 produced more Aβ~42~ than wt neurons. In addition we demonstrated that this change is γ-secretase-dependent, as the effect on Aβ ratio is maintained in a cell free assay using γ-secretase complex extracted from the cerebral cortex of old *Sod2*^+/−^ mice. We also demonstrated that the increase of the Aβ~42~/Aβ~40~ ratio induced by SOD2 depletion is, at least in part, due to peroxynitrite. Consistent with our results, *in vivo* experiments carried out in an AD mouse model crossed with a Sod2 overexpressing mice, have shown that Sod2 over-expression reduces the number of amyloid plaques (Esposito et al, [@b13]). Other works also support the notion that SOD2 deficiency may cause abnormal Aβ load. Li et al ([@b26]) showed that the brains of APP mutant *Sod2*^+/−^ knockout mice have increased plaque burden and Massaad et al ([@b30]) that overexpressing Sod2 in a transgenic mice model of AD prevents memory deficits and more interestingly, decreases the Aβ~42~/Aβ~40~ ratio. In further support, an association between a polymorphism in the *SOD2* gene and certain cases of AD has been suggested (Wiener et al, [@b53]). In summary, our work confirms the strong association between SOD2 activity and changes in Aβ secretion which then paved the way to define the underlying mechanism.

Nitrosative stress has been considered as an etiopathogenic factor for AD (Coma et al, [@b7]; Guix et al, [@b18]; Tamagno et al, [@b47]). Firstly, it was shown that peroxynitrite modifies the tyrosines in the glycolytic enzyme triosephosphate isomerase, an event that triggers the formation of NFT, one of the hallmarks of the disease (Guix et al, [@b18]). Secondly, Kummer et al ([@b24]) showed that nitration of the Tyr-10 of Aβ enhances its aggregation and plaque formation. Since a dramatic increase of nitrotyrosination occurs in old neurons, we reasoned that the increment of the nitrosative stress, as a consequence of a reduced SOD2 activity, could trigger the increase in the Aβ~42~/Aβ~40~ ratio. In the present work we have demonstrated that peroxynitrite itself is able to shift Aβ production, favouring the generation of Aβ~42~. Other oxidants (such as H~2~O~2~) have already been shown to increase APP cleavage by raising the expression of BACE-1 and, as a consequence, to enhance the production of both Aβ~42~ and Aβ~40~ (Coma et al, [@b7]; Shen et al, [@b41]; Tamagno et al, [@b47]; O\'Connor et al, [@b31]). However, to date, no satisfactory mechanism has been provided to explain the increase in the Aβ~42~/Aβ~40~ ratio that occurs during ageing and in sporadic AD pathology and in the absence of any mutation or polymorphism in presenilin or APP genes. Our finding that peroxynitrite alters the ratio of Aβ~42~ to Aβ~40~ suggests the involvement of the γ-secretase complex, since its activity determines the length of the Aβ species generated. In fact kinetic studies carried out with enzyme nitrated *in vitro* demonstrated that nitration increases the production of Aβ~42~ without changing the levels of the Aβ~40~ peptide. The band corresponding to the quartet complex in the blue native gel electrophoresis gel showed a mildly slower electrophoretic mobility in old neurons, which suggests an internal structural change ([Fig 2C](#fig02){ref-type="fig"}). Indeed peroxynitrite treatment nitrotyrosinates and increases the interaction between the PS1-NTF and PS1-CTF fragments as assessed by immunoprecipitation, which was further confirmed in an independent FLIM analysis showing that nitrosative stress brings γ-secretase into a closer conformational state resembling that of complexes bearing FAD mutations. This conformational change has been related to the increase in the Aβ~42~/Aβ~40~ ratio (Berezovska et al, [@b2]; Uemura et al, [@b52]). We suggest therefore that the modification of γ-secretase by peroxynitrite induces a conformational change that mimics the effects of FAD mutations. We cannot rule out that peroxynitrite, apart from the effect on the γ-secretase, could also have an effect on the clearance of Aβ, which would hypothetically potentiate the effect we see.

In summary, our data supports the involvement of γ-secretase as a key link between ageing and AD. The activity of the complex switches towards the more amyloidogenic Aβ~42~ as the neurons get older. Our results points to the impairment of the mitochondrial SOD2 and the increase of nitrosative stress as major effectors of this molecular event. Therefore we conclude that nitrosative stress is an ethiopathogenic factor in AD, and gives an age-related mechanistic explanation for γ-secretase malfunction in absence of mutations.

MATERIALS AND METHODS
=====================

Cell cultures
-------------

HEK-swAPP cells (gift from Dr. C. Haass) were grown in Dulbecco\'s modification of Eagles medium (DMEM)/F12 medium supplemented with 10% foetal bovine serum (FBS) (Gibco BRL, Rockville, MD, USA), 1% penicillin and 1% streptomycin. The human neuroblastoma cell line SH-SY5Y overexpressing the wild type human APP (SH-SY5Y-wtAPP cells) were grown in DMEM medium supplemented with 15% FBS, 1% penicillin and 1% streptomycin. Primary cultures of rat hippocampal neurons were obtained from Wistar rat embryos at day 18--19 as described by Kaech and Banker ([@b22]). The procedure was carried out in accordance with the Ethic Committee of K. Leuven University (Ethische Commissie Dierproeven, KULeuven). Briefly, hippocampi were aseptically dissected and trypsinized for 20 min. After centrifugation for 1 min, cells were seeded in phenol-red-free DMEM plus 10% horse serum into 0.1 mg/ml poly-[l]{.smallcaps}-lysine coated plates. After 120 min, medium was removed and minimal essential medium with N~2~ supplement (MEM-N~2~) (GIBCO N2-supplement, Invitrogen, Carlsbad, CA) was added containing streptomycin and penicillin. At day 5 the media was replaced by MEM containing B27 supplement (MEM-B27). Cultured hippocampal cells were used for the experiments on day 14, 21 or 28.

*Sod2* knockout mice
--------------------

The B6.129S7-*Sod2*^*tm1Leb*^ mice were purchased from The Jackson Laboratory. They were kept in-bred in heterozygote condition. All the experiments were reviewed and approved by the Local Ethical Committee. Mice were genotyped by PCR using the followings primers for *Sod2*: 5′-CCGAGGAGAAGTACCACGAG-3′ and 5′-CTGTGTTTTCCGGGATAGGA-3′. Knockouts were identified with primers to detect the inserted gene Hprt: 5′-TGTTCTCCTCTTCCTCATCTCC-3′ and 5′-ACCCTTTCCAAATCCTCAGC-3′.

ELISA
-----

For detection of rat Aβ, the media was probed with an ELISA kit from Wako (Japan). For detection of human Aβ, an in-house ELISA sandwich was carried out. Briefly, 96-wells Nunc-Immuno plates (Nunc, Denmark) were coated overnight at 4°C with JRF cAb040/28 antibody for Aβ40 or JRF Ab042/26 antibody for A42 (Janssen Pharmaceutica), both used at 1.5 mg/ml in phosphate buffered saline (PBS) containing 0.1% casein (Casein Buffer). Plates were washed five times with washing buffer (PBS-0.05% Tween 20) before the addition of the samples or the standard curve made with consecutive dilutions (from 100 to 0.0003 ng/ml) of Aβ40 or Aβ42 (rPeptide). After overnight incubation at 4°C and five time washes with the washing buffer, the samples were developed with a 0.02% tetramethylbenzidine (TMB) solution in sodium acetate (100 mM pH 4.9) containing 0.03% H~2~O~2~. The reaction was stopped with 0.2 N H~2~SO~4~ and read at 450 nm.

Infection of rat hippocampal neurons
------------------------------------

Rat hippocampal neurons kept for 21 or 28 DIV were infected with an Adenoviral vector expressing the human APP-C99 triple tagged with a Flag peptide (AV-huAPP-C99-3xFlag) at a MOI of 100. After 48 h the medium was replaced by fresh MEM-B27 and kept for 24 h before processing of the media and the neurons for ELISA and Western blot, respectively.

Western blot
------------

Total cell lysates were prepared in lysis buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 1% NP40 (unless indicated otherwise) and complete protease inhibitors (Roche Applied Science)). Post-nuclear fractions were taken, and protein concentrations were determined using standard BCA assay (Pierce). Twenty micrograms of protein was separated on NuPAGE 4--12% Bis--Tris gels (Invitrogen) and transferred to nitrocellulose membranes for Western blot analysis. After blocking the membrane with 1% non-fat milk in T-TBS 1× (0.05 M Tris, pH 7.5; 0.15 M NaCl; 0.1% Tween20), the proteins were detected with the commercial antibodies MAB5232 anti-NTF-PS1 (1/5000; Chemicon International, Temecula, CA, USA), MAB1563 anti-CTF-PS1 (1/5000; Chemicon/Millipore Billerica, MA, USA), 9C3 anti-Nct (1/5000), monoclonal anti-nitrotyrosine antibody (1/1000; Abcam), monoclonal anti-SOD2 (1/1000; Abcam) 6E10 anti-Aβ and the following in-house made antibodies: B63 for APP (1/10,000), B80 for Aph1a (1/1000), B126 for Pen2 (1/2000) and 10B8 for BACE1. Signals were detected using the chemiluminescence detection with Renaissance (PerkinElmer Life Sciences). Quantifications were performed by densitometry.

Blue-native gel electrophoresis
-------------------------------

Microsomal membrane fractions were prepared in lysis buffer containing 0.5% dodecyl maltoside, 20% glycerol and 25 mM Bis--Tris/HCl, pH 7. Upon ultracentrifugation (55,000 rpm), supernatant was taken; protein concentrations were measured, and 5 µg of protein was supplemented with 5× concentrated sample buffer (2.5% Coomassie Blue G-250, 100 mM Bis--Tris/HCl, 500 mM 6-aminocaproic acid, pH 7, 15% sucrose). Samples were loaded on a 5--16% polyacrylamide gel and run for 4 h at 4°C. Subsequently, the gel was incubated with 0.1% SDS in transfer buffer for 10 min at room temperature (RT) and transferred to a polyvinylidene difluoride membrane. Membranes were destained in water/methanol/acetic acid (60:30:10, v/v/v) and incubated with antibodies to detect the γ-secretase complex.

Peroxynitrite treatment of cells
--------------------------------

Neurons seeded at 10,000 dish^−1^ were treated at DIV10 with 1, 5 and 10 µM of a peroxynitrite donor (3-morpholino-sydnonimine; SIN-1; Sigma, St Louis, MO, USA) for 24 h and the Aβ40 and Aβ42 was measured directly from the media by ELISA as discussed above. HEK-swAPP and SH-SY5Y-wtAPP cells were seeded on 6-well plate at a density of 500,000 cells/well. After 24 h the medium was replaced by fresh 0.2% FBS supplemented with DMEM for SH-SY5Y-wtAPP cells and DMEM/F12 for HEK-swAPP cells, with our without increasing concentrations of SIN-1. After 24 h Aβ species were analyzed by ELISA.

### The paper explained

PROBLEM:

Despite the fact that AD is strongly associated with increased age, we still lack a molecular explanation to link ageing with any of the known pathways causing AD. AD is characterized by the accumulation of the Aβ and Tau protein in the brain. Aβ is produced from APP by consecutive cleavages. The proteases responsible for these activities have been called β-secretase and γ-secretase. Aβ is a heterogeneous mixture of Aβ peptides, the major ones being Aβ~40~ and the more aggregation prone Aβ~42~ which also exerts higher neurotoxicity. A low percentage of AD cases (\<0.5%) are caused by inherited mutations in APP or the γ-secretase complex (FAD mutations), which have a common effect: a relative increase of the Aβ~42~ species *versus* the Aβ~40~ species. However the vast majority of patients with AD (late-onset AD) do not carry mutations in these genes, raising the question why they accumulate Aβ in the brain. We hypothesized that molecular changes associated with ageing could mimic the effect of the FAD mutations on γ-secretase, causing a relative increase of the Aβ~42~/Aβ~40~ ratio.

RESULTS:

We studied the changes in the Aβ profile occuring in rat hippocampal neurons during ageing *in vitro*. With ageing, the neurons secrete more Aβ into the media and this is accompanied by increased γ-secretase complex formation. More interestingly, neurons switch also the Aβ profile during ageing, increasing the relative amounts of Aβ~42~ *versus* the Aβ~40~ species. This is paralleled by the decrease of the antioxidant enzyme SOD2 activity and the increase of nitrosative stress. We identified nitrosative stress as a major effector of the increased Aβ~42~/Aβ~40~ ratio in old neurons through the modification of γ-secretase by peroxynitrite. These results were confirmed in a *Sod2* knockout mice model and in human samples from AD cerebral cortex.

IMPACT:

Our study provides a molecular explanation to the important question how ageing predisposes to AD. More concretely, our findings show that the age-associated increase of nitrosative stress drives γ-secretase towards a switch of the Aβ profile favouring the Aβ42 species. This effect on the complex mimics the characteristic treat of FAD-mutations and sets the γ-secretase as a target not only for inherited but also for late-onset AD.

As a negative control for the co-immunoprecipitation experiments, HEK-swAPP cells seeded on 6-well plates containing 0.2% FBS DMEM/F12 medium were treated for 24 h with a nitric oxide donor (SNP; Sigma).

Immunohistofluorescence
-----------------------

Cerebral slides from 18 months wt or *Sod2*^+/−^ mice were deparaffinizated with Clear Rite 3 and subsequent washes with decreasing ethanol dilutions. Slides were microwaved at 350 W in boiling Na-citrate buffer for 5 min. After 1 h of quenching endogenous peroxidase activity with a 3% H~2~O~2~ solution, slides were blocked for 1 h at RT with 5% normal goat serum in TNB blocking buffer (0.1 M Tris-HCl pH 7.5, 0.15 M NaCl, 0.5% Blocking Reagent). The same solution was used to incubate the samples overnight at 4°C with the mouse anti-nitrotyrosine primary antibody (1:50). The goat anti-mouse-HRP secondary antibody was diluted (1:200) in TNB blocking solution without serum. Slides were developed by 6-min incubation with the Tyr-FITC reagent at darkness (1:50 in 1× reagent diluent). The Tyramide Signal Amplification kit (Perkin-Elmer) was used following the instructions given by the company. Briefly, all the washes were performed with PBS-T 1× buffer. DAPI (1:5000) was used to detect the nuclei and the slices were mounted with Mowiol solution.

Fluorescence lifetime imaging microscopy, FLIM
----------------------------------------------

HEK293 were maintained in Opti-MEM (Invitrogen) with 5% foetal bovine serum (FBS). For the FLIM analysis of PS1 conformation cells were plated into eight-chamber slides and transfected with the GFP-PS1 or GFP-PS1-RFP (G-PS1-R) FRET reporter probe using Lipofectamine 2000 reagent (Invitrogen). FLIM analysis was performed as previously described (Uemura et al, [@b52]). GraphPad Prism for Windows, version 5.03 (GraphPad Software, Inc.) was used to perform statistical analysis using two-tailed unpaired Student\'s *t*-test. Samples were considered significantly different at *p* \< 0.05.

Immunoprecipitation
-------------------

Five hundred micrograms of total solubilized protein (50 mM HEPES pH 7.4, 150 mM NaCl and 0.5% Triton-X-100, unless a distinct concentration is indicated for the experiment) from HEK-swAPP lysates or human or mice cerebral cortex were incubated overnight at 4°C with 1.25 µg of MAB5232 anti-NTF-PS1 (Chemicon International, Temecula, CA, USA) or MAB1563 anti-CTF-PS1 (Chemicon/Millipore Billerica, MA, USA) monoclonal antibodies. Following protein G-sepharose addition, samples were shaken for 2 h at RT. Aggregates were collected by centrifugation at 10,000 rpm for 10 min and washed five times. Protein G and Abs were removed from the immunoprecipitated proteins by boiling the samples for 6 min at 100°C.

SOD2 activity
-------------

The SOD-560 colorimetric assay kit (Applied Bioanalytical Labs, USA) was used to determine the activity of SOD2 in lysates from rat hippocampal neurons according to the instructions of the manufacturer. Ten micrograms of total protein from 21 or 28 DIV neurons was used in each assay. In a 96-well plate, 10 µl of assay buffer (blank) or sample previously diluted with sample dilution buffer were added to 230 µl of Assay Buffer containing 2 mM KCN to inhibit SOD1. After 2 min incubation at 25°C, 10 µl haematoxylin was added per well and its auto-oxidation rate was recorded by absorbance at 560 nm for 10 min at 25°C. The SOD concentration in the sample was calculated as follows: Ci(SOD2 U/ml) = 125 × (100%-ri), being Ci the SOD2 concentration of the sample and ri the ratio between auto-oxidation rate of the sample *versus* the auto-oxidation rate of blank.

Statistical analysis
--------------------

Data are expressed as the mean ± SEM of the values from the number of experiments as indicated in the corresponding figures. Data were evaluated statistically by using the Student\'s *t*-test.

For more detailed Materials and Methods see the Supporting Information.
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